Resistance to chemotherapy drugs is a major problem in cancer treatment. Scientific advances made in the last two decades have resulted in the identification of genes and molecular signaling mechanisms that contribute to drug resistance. This has resulted in a better understanding of the biology of cancer cells and the way these cells adapt or undergo subtle molecular changes thereby protecting themselves from the cytotoxic effects of the anticancer drugs. Based on the knowledge gained to-date new molecularly targeted drugs are being developed and tested in clinical studies, in an attempt to overcome drug resistance and improve drug efficacy. Despite these attempts the overall 5-year survival of patients diagnosed with cancer, such as lung cancer, remains dismal and is less than 15%. It is evident that additional mechanisms contributing to drug resistance exist which are yet to be discovered. It is hoped that identification of new targets and understanding their contribution to drug resistance will provide opportunities for innovative therapies in overcoming drug resistance. In an attempt to broaden our knowledge and understanding on drug resistance we have, in this review article, summarized the most common mechanisms associated with drug resistance in lung cancer.
Introduction
Chemotherapy is a major treatment modality in both primary and palliative care of patients with lung cancer. Some patients' disease does not respond to such therapy, or it responds well initially and then gradually relapses. This may lead to an increase in the drug dosage, which generally increases the adverse affects, yet fails to improve the clinical prognosis or outcome.
Drug resistance is associated with a wide variety of solid tumors. In this review, however, we focus on the role of resistance in lung cancer. Non-small cell lung cancer (NSCLC) cells are often intrinsically resistant to certain anticancer drugs, whereas small-cell lung cancer (SCLC) cells can acquire resistance with continued administration of the drug. Moreover, at the time of diagnosis, the majority of patients with lung cancer most often already have metastatic disease, making it difficult to use other therapeutic options, such as surgery and radiation. Thus, a better understanding of the different mechanisms underlying drug resistance is of utmost importance if we are to develop strategies to overcome it.
Although numerous mechanisms are associated with drug resistance in lung cancer, we are a long way from fully understanding how to overcome drug resistance. Mechanisms identified so far include increased drug efflux, drug inactivation and/or sequestration 
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by enzymes, DNA repair, target modifications, and apoptosis defects. [1] [2] [3] [4] [5] Additional contributing factors include ineffective drug delivery to the tumor, increased metabolism and therefore a shortened half-life of the drug, lack of drug specificity to the tumor, and tumor vasculature. 6, 7 These factors make it even harder to pinpoint the exact mechanism underlying resistance to a particular drug.
To further complicate our understanding of drug resistance, patients given chemotherapy gradually develop genetic mutations with each clonal expansion of the tumor cell. These mutations may result from either activation of proto-oncogenes or inactivation of tumor-suppressor genes. This continuous genomic instability eventually leads to tumor progression and metastatic changes, making treatment difficult in such patients; coexisting drug resistance of the tumors makes it even more difficult to treat the primary and metastatic lesions. Moreover, tumors that are resistant to one particular drug are either already cross-resistant or develop resistance to other chemotherapy drugs fairly quickly. Indeed, SCLC, for example, initially responds to chemotherapy, but the patients invariably experience a relapse, and the tumor becomes resistant to chemotherapeutic treatment. Therefore, overcoming drug resistance in lung cancer has remained a challenge resulting in a poor 5-year survival rate that remains less than 15% for NSCLC and 5% for SCLC.
In this review, we focus on the major pathways and mechanisms that have been shown to contribute to drug resistance in lung cancer.
Drug transporters involved in the efflux of chemotherapeutic drugs
Drug transporter proteins can be classified according to their mechanism of action, ATP dependency, and pharmacodynamics and/or pharmacokinetics. One class of transporters, known as the ATP binding cassette (ABC) superfamily, plays a major role in drug resistance. The ABC proteins consist of seven subclasses, namely ABCA to ABCG. Overexpression of ABC transporters can lead to drug efflux and decreased intracellular accumulation, thereby conferring resistance to drugs such as cisplatin, methotrexate, taxanes, anthracyclines, and vinca alkaloids.
The ABC family proteins, such as P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRPs) and breast cancer-resistance protein which belong to the ABCB, ABCC and ABCG family of ABC transporters respectively, have been shown to play a major role in drug resistance. Additionally, transporter proteins such as major vault protein (MVP), also known as the lung resistance-related protein (LRP) have been implicated in drug resistance in lung cancer. P-gp, the product of the mdr1 gene, is a 170-kDa membrane protein that acts as a drug efflux pump and is up-regulated in numerous drug-resistant cancer cell lines. Studies have shown a high expression of P-gp in lung tumors, notably higher in NSCLCs than in SCLCs. Other studies have shown that lung tumor cell lines that were resistant to vincristine demonstrated cross-resistance to doxorubicin. 8 Molecular analysis revealed that these drug-resistant cell lines had a higher expression of both P-gp and the mdr1 gene than did the parental cell lines. In addition, in vitro studies demonstrated a higher expression of P-gp in NSCLC cell lines from smokers. 9 A further role of mdr1 in drug resistance was demonstrated by gene array studies where the expression of various genes were analyzed in paclitaxel sensitive (NCI-H460) and resistant (NCI-H40/PTX250) human large-cell lung carcinoma cell lines. The results indicated increased expression of 332 genes and decreased expression of 342 genes in the NCI-H460/PTX250 cell line as compared to the NCI-H460 sensitive cell line, with a 1,092 fold increase in the expression of MDR1 observed in the paclitaxel resistant cell line. 10 On the basis of these and other study results, drugs targeting the mdr1 gene or P-gp have been developed to overcome P-gp-associated drug resistance. 11 In a recent study, P-gp inhibition in a mouse model of paclitaxel-resistant tumor yielded greater inhibition of tumor growth when the mice were treated with biotin-functionalized nanoparticles encapsulating both paclitaxel and P-gp-targeted small interfering RNA than when they were treated with paclitaxel alone. Thus, silencing the P-gp gene may be one way to overcome drug resistance in cancers over expressing the P-gp protein. 12 However, Helfrich and colleagues have shown that both NSCLC and SCLC cell lines established from patients with lung cancer who had previously been treated with chemotherapy expressed low levels of MDR-1 or showed no significant increase in MDR-1 expression. 13 These results thus question the contributing role of mdr1 and P-gp in drug resistance in lung cancer and warrant further investigation.
Although P-gp has been shown to play a major role in drug resistance, other non-P-gp mediated mechanisms attributed to proteins such as MRP1 have also been implicated in NSCLC drug resistance.
14 To date, seven isoforms of MRP have been identified (MRP1-MRP7). The major isoforms that have been shown to play a role in drug resistance are MRP1, MRP2, MRP3 and MRP5. 15 Comparative studies performed with a panel of 30 lung cancer cell lines showed that NSCLC cell lines expressed higher levels of MRP3, MRP1, and MRP2 protein than SCLC cell lines did. Furthermore, it was noted Chemoresistance in lung cancer Dovepress submit your manuscript | www.dovepress.com Dovepress that expression of both MRP3 and MRP1, but not MRP2, correlated with decreased sensitivity to doxorubicin, VCR, VP-16, and cisplatin in those cell lines, suggesting that MRP has a role in producing drug resistance in lung cancer. 16 Similarly, a study conducted to analyze the expression of ABC transporter protein in relation to vinolrelbine in NSCLC demonstrated higher expression of ABCC10/MRP7 in 12 out of 17 lung cancer cell lines. Furthermore, this increase in expression was correlated with resistance to vinolrelbine, thereby demonstrating involvement of other ABC transporter proteins other than MDR-1 in attributing to drug resistance. 17 Another study demonstrated the involvement of a non-ABC transporter protein, RLIP 76 in contributing to vinolrelbine resistance. RLIP76 is a transporter involved in catalyzing energy-dependent efflux of various chemotherapeutic drugs, such as doxorubicin. 18, 19 Thus resistance to a chemotherapeutic drug may not be due to one particular ABC transporter protein but may be due to a defect in multiple transporter proteins. 20 MVP was first discovered in an NSCLC cell line that was selected for doxorubicin resistance. 21 Vaults are huge intracellular ribonucleoprotein particles that are involved in shuttling proteins and in redistributing drugs such as doxorubicin from the nucleus to the cytoplasm, thereby leading to resistance. 22, 23 LRP expression correlates with chemoresistance in a broad range of tumor cell lines. 22 A study involving NSCLC and SCLC cell lines demonstrated that the expression of LRP was higher in NSCLC than in SCLC samples, with the highest expression in squamous cell and adenocarcinomatous histology type of NSCLC. 19 However, in the same study the authors demonstrated LRP expression did not predict chemotherapeutic response in lung cancer patients. 24 Thus, additional studies are needed to further evaluate the role of LRP in lung cancer drug resistance.
Drug inactivation by sulfurcontaining macromolecules and role of antioxidants as a cause of drug resistance
Although drug efflux is a major mechanism associated with drug resistance, another mechanism by which cancer cells avoid the drug is by conjugation of the drug with sulfur-containing macromolecules such as metallothioneins (MTs) and glutathione (GSH). Furthermore, antioxidants such as, superoxide dismutase (SOD) have been shown to be implicated in drug resistance.
The MTs are low molecular-weight intracellular proteins with a high cysteine content that can bind to several heavy metal ions such as zinc, copper, selenium, cadmium, platinum, and mercury. MTs can also bind to drugs such as cisplatin, thereby leading to decreased sensitivity to cisplatin in SCLC. 25, 26 It has also been suggested that MTs play a role in protecting cells from oxidative stress and metal toxicity. 27, 28 Since numerous drugs lead to cancer cell death by inducing oxidative stress and metal toxicity; overexpression of MTs in such cells may also contribute to drug resistance. To date, four different isoforms of methallothionein (MT-1 through MT-4) have been identified. MT-1 and MT-2 are the most widely expressed, with the MT isoform 2a (MT-2a) being the most widely distributed MT in humans. MT-3 localizes mostly in the brain but has also reportedly been found in other tissues, such as the stomach, heart, and kidneys. 29, 30 MT-4 has been detected in certain stratified squamous epithelia. 31 The expression of MTs can be induced by several metals, cytokines, stress hormones, and chemicals. 32 Furthermore, it is overexpressed in various tumors such as colorectal, breast, testicular, and ovarian. [33] [34] [35] MT expression is also higher in tumors with high metastatic and proliferative potential. 36 Although some investigators have found relatively low levels of MTs in some cancers, such as gastrointestinal cancers, they also found that higher expression of MT correlates with a greater metastatic potential. 37 In lung cancer, the high expression of MT was observed in NSCLC with histologic features of squamous cell lung carcinoma and adenocarcinoma but was not observed in SCLC. 38 Contradictory to this report Kasahara and colleagues reported a correlation between MT expression and cisplatin resistance in SCLC cell lines in vitro. In this study the SCLC cell line, H69 was made resistant to cisplatin treatment and then analyzed for the expression of both intracellular MT protein and mRNA in resistant and parental cell lines. Increased MT expression at both mRNA and protein level were observed in cisplatin resistant H69 cells compared to the parental cell line. 25 The conflicting reports suggest additional studies, analyzing MT expression and drug resistance in SCLC, which are more detailed are warranted in SCLC. Correlation between high MT expression and cisplatin resistance have also been reported for other tumor types. 39 Apart from cisplatin resistance, a strong correlation between MT expression and doxorubicin resistance has been reported in SCLC cell lines. 40, 41 Thus, although there seems to be a significant correlation between MT expression and drug resistance in lung tumors, further studies are warranted to completely explore the mechanisms underlying MT overexpression in lung cancer. 
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Other inactivating enzymes that are often up-regulated in drug-resistant cell lines include the glutathione-S-transferases (GSTs), a family of phase II detoxification enzymes. 42 GSTs protect the cancer cells from reactive endogenous and exogenous electrophiles, such as prostaglandins, aromatic hydrocarbons, and chemotherapy agents, by conjugating those compounds to the sulfur containing macromolecule glutathione-S-hydroxylase (GSH), thus detoxifying them. The GSTs fall into either the membranebound microsomal family or the cytosolic family. In turn, the cytosolic GSTs have six isoforms that are named with the Greek letters α, π, µ, ω, θ, and ζ. The π and µ isoforms also play a role in regulating the mitogen-activated protein (MAP) kinase (MAPK) pathway.
Therefore, the distinct role of GSTs in drug resistance involves two different mechanisms, drug detoxification and MAPK pathway inhibition. Many chemotherapeutic drugs that form electrophilic moieties are detoxified through the GSH mechanism, thereby leading to resistance. This may also explain the increase in GST levels observed over time with continued chemotherapy treatment -it is an attempt to detoxify the drug. However, drugs that are not conjugated to GSH can still inhibit the MAPK kinase pathway, thereby protecting cells from chemotherapy drugs that specifically target this pathway. Numerous drugs used in lung cancer treatment, such as cisplatin, kill tumor cells by inducing apoptosis by activating the JNK/MAPK pathway. Inhibition of this pathway by GSTs leads to decreased cisplatin-induced apoptosis, thereby conferring resistance to the drug.
Although some investigators have reported finding expression of GST isoenzymes in the bronchioles and alveoli of normal lungs, 43 studies have demonstrated greater expression of these isoenzymes in lung tumors. 44 Furthermore, cell lines that are resistant to nitrogen mustard compounds, nitroureases, and doxorubicin exhibit a relatively high level of expression of GST-π. 45 Transfection of cells with GST complementary DNA showed that cell lines can become resistant to certain chemotherapy drugs, thereby demonstrating that GSTs themselves play an important role in contributing to drug resistance. 46 In addition, other mechanisms, such as co-expression of P-gp or MRP1 with GST-π, may also contribute to drug resistance. 9, 47 Another mechanism by which cancer cells develop resistance is by overexpression of antioxidants that protect cells from chemotherapy-induced oxidative stress and cell death. Numerous chemotherapeutic drugs such as epirubicin cause oxidative damage by generation of superoxide and hydrogen peroxide moieties, thereby leading to cancer cell death. However, overexpression of antioxidants such as SOD and GSH can neutralize the drug-induced oxidative stress, thereby leading to drug resistance. Overexpression of SODs such as manganese SOD (MnSOD) can also protect lung epithelial cells against oxidant injury. 48 Furthermore, cultured malignant mesothelioma cells reportedly have higher levels of both MnSOD messenger RNA (mRNA) levels and activities than nonmalignant mesothelial cells have. 49, 50 Additional study results have shown that, other antioxidant enzymes besides MnSOD, such as GSH and GST, can be involved in high hydrogen peroxide levels and thus resistance to epirubicin. 50 Combined, these results suggest that antioxidant activities that protect tumor cells from cytotoxic drugs are attributable to overexpression of not just one but of multiple antioxidant enzymes in cells resistant to these drugs.
DNA-repair pathways inducing resistance to chemotherapy
The primary target for most lung cancer chemotherapeutic agents is cancer cell DNA. For instance, cisplatin induces apoptosis primarily by forming DNA-platinum adducts and by introducing oxidizing agents, thus causing oxidative damage to the DNA of cancer cells. 51 With drugs such as cisplatin, the onset of tumor resistance to chemotherapy is caused partly by the inherent resistance to DNA damage that is common among tumors. The difficulty in dealing with resistance due to DNA-repair enzymes is that although there are many different drug-induced pathways of DNA degradation and damage, there are also many DNA-repair enzymes, each of which has different mechanisms of action. Furthermore, these sophisticated repair mechanisms are often up-regulated in resistant cancer cells, and each tumor has its own unique genetic profile of overexpressed repair enzymes.
The nucleotide excision-repair (NER) pathway is one DNA repair pathway suggested to be a common culprit in the emergence of platinum-based drug resistance. 52 
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-repair cross-complementation group 1 (ERCC1) protein, encoded by the ERCC1 gene is a key enzyme that is a molecular indicator of resistance to platinum-based chemotherapy; along with other proteins, ERCC1 forms the critical molecular complex of the NER pathway. 53 This key molecular complex removes modified nucleotides, such as the DNA-platinum adducts, and adjacent nucleotides from the damaged DNA strand. 54 This excision, for which the enzyme is named, essentially negates the primary method of cytotoxicity of platinum-based drugs. By removing the In vitro studies have demonstrated an association between the expression of ERCC1 mRNA in NSCLC and resistance to the platinum drugs: low expression of ERCC1 correlated with prolonged survival of patients with NSCLC who were treated with cisplatin plus gemcitabine chemotherapy. 55, 56 A second DNA-repair pathway, the mismatch-repair (MMR) pathway, repairs base-base and insertion-deletion mismatches generated during DNA replication or recombination of DNA. 57 MMR is usually a cancer-preventing pathway that helps to maintain genomic stability, but it can also lead to resistance against certain chemotherapeutic agents. 58 For example, the MMR pathway can repair DNA-platinum adducts, although the attempted repair can result in mitotic crisis, which leads to cell death. 59, 60 Moreover, it often plays a key part in the apoptotic pathway of methylating agents, so much so that defects and/or deficiencies in the MMR pathway are associated with resistance to methylating agents. Overall, however, this repair pathway does not appear to be an important source of chemotherapy resistance in lung cancer.
The base excision-repair (BER) pathway is a third DNA-repair pathway that has been linked with chemotherapy resistance. When N-methylpurine DNA Glycosylase (MPG) and Apurinic/Apyrimidinic Endonuclease (APE), two molecular indicators of the BER pathway, are inhibited or eliminated in alkylating agent-resistant cancer cells, then sensitivity to alkylating agents such as platinum-based drugs increases. 61 The BER pathway is initiated by DNA glycosylases, which recognize and catalyze the removal of damaged DNA bases. The pathway is then completed when the gaps between the bases are filled, which prevents the apoptotic affects of chemotherapy-induced DNA damage. 62 A fourth DNA-repair pathway, the non-homologous endjoining (NHEJ) pathway, is the major pathway used for repairing double-strand breaks (DSBs) in human DNA. As such, it leads to resistance of cancer cells to multiple chemotherapy drugs and ionizing radiation by repairing DNA damage and stopping apoptosis. The NHEJ pathway begins when Ku proteins, which is a heterodimer composed of two polypeptides, Ku70 (XRCC6) and Ku80 (XRCC5) bind with the broken ends of DNA DSBs. The Ku protein functions as a molecular scaffold which helps in binding of other proteins that are involved in DNA repair by NHEJ pathway. This attracts DNA-dependent protein kinase catalytic subunit (DNAPKcs) to the DNA bound Ku, which then brings the two, ends of the broken DNA together. The pathway is completed with the recruitment of proteins such as artemis, XRCC4/DNA ligase IV, polynucleotide kinase (PNK), and Cernunnos-XRCC4 like factor (XLF), which process the ends of the DNA and fill the gaps between the DSBs. [63] [64] [65] Inhibition of the NHEJ pathway by the drug trifluoperazine significantly lessens the resistance to the chemotherapy drug bleomycin. 66 The drug doxorubicin also induces more apoptosis in cancer cells when those cells are deficient in DNA ligase IV or DNAPKcs; two of the integral proteins in the NHEJ pathway. 67 The last major DNA-repair pathway to be discussed here is the homologous-recombination (HR) pathway. This pathway begins with the recruitment of proteins to form the M/R/N complex (consisting of Mre11, Rad50, and NBS1) together with recruitment of replication protein A (RPA), which is a single-stranded DNA-binding factor. These bind the broken ends of the DNA strands together and begin the process of homologous DNA pairing for which the HR is named. 68, 69 Furthermore, it should be noted that the HR pathway can repair the same kind of DNA-platinum adducts that occur in the NER pathway. 70 Although these adducts do not constitute DSBs, ERCC1 (in the NER pathway), in conjunction with other proteins they can convert these adducts into DSBs, which can then be repaired by the HR pathway. 70 This enables cancer cells to have two separate pathways for resisting the damage caused by alkylating agents such as the platinum drugs.
As for chemotherapeutic agents that induce DSBs, such as etoposide, study results showed that SCLC cells over expressing RAD51, a key protein in the HR pathway, were resistant to etoposide, whereas cells with relatively lower levels of RAD51 were more sensitive to the drug. 71, 72 Apart from these pathways other enzymes involved in DNA synthesis and repair have also been implicated in attributing resistance to drugs such as pemetrexed and gemcitabine that have been used for the treatment of lung cancer.
Pemetrexed, a folate anti-metabolite, is frequently used in the treatment of pleural mesothelicma and NSCLC. Thymidylate synthase (TS) is an enzyme involved in DNA synthesis and repair and has been associated with resistance to pemetrexed. It has been shown that higher expression of TS can lead to resistance to pemetrexed in colon cancer. 73 However, increased levels of TS leads to resistance not only to pemetrexed but other antifolate drugs such as, Thymitaq and Raltitrexed (RTX). This increased resistance to pemetrexed was attributable to an increased expression of TS alone. Another study had similar results both in vitro and in vivo, when cells treated with 5-fluorouracil (5FU) and RTX led to a 2 to 5 fold increase in the expression of TS, thereby leading 
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to an acquired resistance to these and other drugs. 74 In vitro, treatment with 5 FU initially leads to decreased TS and then a 2-to 3-times induction. Similar results were obtained in patients who were treated with 5FU and their tumors were collected to analyze the expression of TS. There was an initial decrease in TS following 5-FU therapy followed by an induction. This makes it important to screen patients for TS expression prior to resuming chemotherapy.
Ribonucleoside-diphosphate reductase subunit M1 (RRM1) is another enzyme, involved in DNA synthesis and repair encoded by the RRM1 gene. This gene encodes the regulatory subunit of ribonucleoside-diphosphate reductase, an enzyme needed for deoxyribonucleotide production from ribonucleotides prior to DNA synthesis in the S phase. It has been shown that resistance to gemcitabine is attributed to RRM1; tensin homolog deleted on chromosome ten (PTEN) and ERCC1 in lung cancer. 75 The mRNA expression of 6 lung cancer cell lines including human lung adenocarcinoma, giant cell and squamous cell carcinoma was analyzed using real time polymerase chain reaction (PCR). The results demonstrated higher expression levels of RRM1; PTEN and ERCC1 in these cell lines; with the highest expression in lung squamous cell line, QG56.
Loss of intracellular death mechanisms as a cause of drug resistance
The goal of chemotherapy is to induce either growth arrest or the killing of cells that are malignant or undergoing malignant transformation, while sparing normal cells. Many chemotherapy drugs induce cell death via the activation of apoptosis and other intracellular death mechanisms. Drugs such as cisplatin and carboplatin induce tumor cell death by damaging DNA; however, the end result of that is still activation of the apoptotic pathways. Thus, the loss of apoptotic function or other intracellular death mechanisms will eventually lead to tumor cell survival and progression of the cancer by making the cells resistant to chemotherapy.
Because multiple tumor-specific pathways are involved in cell death, it is difficult to identify the exact mechanism that a particular drug uses to kill tumor cells and to determine the exact cause of the lost apoptotic function that leads to drug resistance. However, various apoptotic and antiapoptotic intracellular proteins, such as Bcl-2, Bax, and SAPK/JNK, contribute to drug resistance caused by failure of the intracellular death signaling pathways. Drugs such as paclitaxel, which induce cell death by regulating cellular microtubule dynamics, kill cells in a Fas/Fas ligand (FasL)-dependent manner. 76 Thus, inhibiting Fas/FasL with an antibody leads to the abrogation of paclitaxel-induced cell killing. Furthermore, overexpression of Bcl-2 leads to the decreased expression of FasL, reduced apoptosis of tumor cells and thus resistance to paclitaxel. 68 Srivastava and colleagues showed that phosphorylation of Bcl-2 induced the expression of FasL by allowing nuclear translocation of NFAT (nuclear factor of activated T lymphocytes), which is a transcription factor activated by microtubule damage to the nucleus; and initiating transcription of FasL gene, thereby restoring paclitaxel sensitivity. 77 In contrast Inoue and coworkers showed that increased expression of Bcl-2 led to increased sensitivity to docetaxel in NSCLC cells. 78 The discrepancy in the two reports could be due to several reasons and needs further validation.
In addition, drugs such as cytarabine, doxorubicin, and methotrexate, which activate the apoptotic pathways, reportedly can confer resistance to cancer cells if their caspases are defective. 79 The use of antisense approaches targeting caspases 1 and 3 revealed that such tumor cells are protected from drug-induced cell death, indicating that the integrity of the caspase pathway is an important contributing factor to drug resistance. 79 Moreover, chemotherapy-resistant NSCLC cells have a decreased expression of caspases 3 and 9, which contributes to the drug resistance; the restoration of caspase activity sensitized the tumor cells to cisplatin chemotherapy. 80 Some in vivo studies have demonstrated a correlation of caspase-3 expression and the survival in NSCLC. A study using 70 squamous cell lung carcinoma demonstrated an inverse relationship between the expression of caspase-3, vascular endothelial growth factor (VEGF), and microvessel density, showing the importance of pro-apoptotic proteins in regulation of tumor growth. 81 Defects in not only pro-apoptotic but also anti-apoptotic proteins, such as IAP (inhibitor of apoptosis protein) and survivin have been implicated in resistance in human NSCLC. IAPs are characterized by a novel domain of approximately 70 amino acids and were first in identified in baculoviruses. IAP's, as the name implies, inhibit apoptosis either by inhibition of the caspases or by ubiquitin-tagging and proteasomal degradation of certain proteins involved in apoptosis. To date eight different types of IAPs have been identified, namely: apollon/BRUCE, cIAP-1 (cellular inhibitor of apoptosis protein1); cIAP-2 (cellular inhibitor of apoptosis protein2); ILP-2; livin; NAIP (Neuronal Apoptosis Inhibitory Protein); Survivin; and XIAP (X-linked inhibitor of apoptosis protein). Overexpression of these proteins may lead to cell growth and 82 Similarly, it has been shown that decreased expression of survivin, had significantly better overall survival when compared to patients with higher survivin expression. 83 However, others have demonstrated no correlation of survivin with patient survival; although they do report that overexpression of survivin is present in early-stage NSCLC. 84 A recent study, comparing the expression of livin and survivin mRNA expression by quantitative reverse transcription polymerase chain reaction (RT-PCR) demonstrated a higher expression of both in early-stage NSCLC patients. 85 Since drugs such as cisplatin, taxol, etoposide and gemcitabine induce tumor cell death by activation of the intrinsic and extrinsic apoptotic pathways, a defect in these pathways would lead to failure to chemotherapeutic treatment. However, there may be an involvement of other factors and proteins involved in the regulation or execution of the apoptotic machinery; such as defects in the mitochondrial electron chain transporters or in the generation of reactive oxygen species, which might contribute to drug resistance. Overall, dysregulation of any of these cell death effector mechanisms may significantly contribute to drug resistance in lung cancer towards many chemotherapy drugs that modify these signal transduction pathways.
Resistance to small molecule inhibitors
More recently numerous small molecule inhibitors have been developed in an attempt to treat lung cancer patients. Although they have helped in the treatment of patients with primary and metastatic disease, resistance is emerging to these drugs fairly quickly. In an attempt to understand resistance to such inhibitors we have summarized the mechanism of drug resistance against small molecule inhibitors.
Epidermal growth factor receptor (EGFR) is often overexpressed in a wide variety of solid tumors, such as lung, breast, colorectal, and cancers of the head and neck. Binding of ligands such as epidermal growth factor (EGF), transforming growth factor alpha (TGF-α), heparin-binding EGF (HB-EGF) and betacellulin (BTC) leads to homo-or hetero-dimerization and internalization of the receptor. 86 Internalization of the receptor leads to phosphorylation of specific tyrosine residues, thereby leading to the activation of downstream signaling cascades. The major signaling pathways that have been shown to be regulated by EGFR activation are the PI3K, MAPK and STAT pathways that lead to increased cell proliferation, angiogenesis, inhibition of apoptosis and cell-cycle progression. Furthermore, higher expression of EGFR has been shown to be associated with increased metastasis, decreased survival and poor prognosis. It has been shown that EGFR overexpression is most frequent in squamous (84%), large cell (68%) and adenocarcinoma (65%) with very little expression in SCLC. 87 EGFR inhibitors such as monoclonal antibodies (mAb) to EGFR and receptor tyrosine kinase inhibitors (TKIs) have been used in the treatment of NSCLC. Cetuximab (Erbitux ® ), a chimeric (mouse/human) mAb binds to the extracellular domain of EGFR, thereby preventing ligand binding to EGFR. This prevents dimerization and autophosphorylation of the receptor, thereby leading to the decreased activation of the downstream signal transduction pathway. In contrast, TKIs such as gefitinib and erlotinib inhibit EGFR phosphorylation and thus the activation of receptor tyrosine kinase.
However, in recent years there have been numerous studies reporting the development of resistance to these EGFR inhibitors. Resistance to EGFR inhibitors can be due to multiple causes such as: mutations in the tyrosine kinase domain; EGFR-independent activation of other signaling transduction pathways; activation of alternative tyrosine kinase receptors; or increased angiogenesis. 88, 89 Studies have shown the presence of EGFR mutation in lung adenocarcinoma in the kinase domain of the EGFR gene. 90, 91 Most of these mutations such as deletions and point mutations (L858R), occur either in exon 19 or exon 21 respectively. 92 This is of particular interest as tumors with such mutations are highly sensitive to EGFR-TKIs; however they develop resistance to treatment later. It has been shown that the occurrence of point mutations at a second site and/or amplification of the c-Met gene contribute to resistance to these agents. 93 In a case report study, a patient with advanced, moderately differentiated adenocarcinoma and unresponsive to carboplatin, taxanes and gemcitabine treatment, when treated with gefitinib for 24 months achieved complete remission. However, the disease eventually relapsed in the patient and failed to respond to gefitinib therapy. Transbronchial aspirate and biopsy revealed the presence of a second point mutation in the EGFR gene. The resulting resistance to gefitinib treatment was due to an amino acid change from threonine to methionine at position 790 of EGFR. Thus the occurrence of new mutations in the EGFR Mutations not only in EGFR but also in KRAS gene can lead to resistance to EGFR inhibitors, such as gefitinib and erlotinib. A study using 60 lung adenocarcinomas that were either refractory or sensitive to the drug showed that KRAS mutations lead to a lack of sensitivity to both gefitinib and erlotinib. Thus, screening patients for KRAS and EGFR mutations prior to the commencement of therapy and others may help to predict the responsiveness of such patients to therapy with EGFR inhibitors. 95 Examination for EGFR mutations during the course of EGFR inhibitor therapy and on the relapse of the disease will also help in providing alternate therapies.
Apart from mutations in EGFR contributing to resistance to EGFR inhibitors, activation of EGFR-independent pathways can also lead to resistance of EGFR inhibitors. This includes activation of other tyrosine kinase receptors, activation of the PTEN-PI3K-AKT and Raf-Ras-MEK-ERK pathways.
It has been shown that activation of tyrosine kinase receptors, such as insulin-like growth factor receptor-1 (IGF1R), c-met (hepatocyte growth factor receptor) and platelet-derived growth factor (PDGF) leads to increased proliferation and metastasis by activation of similar pathways to that of EGFR. 96 In a study conducted to understand the correlation of c-met with EGFR resistance, it was shown that the expression of c-met is associated with progressive disease in NSCLC patients. 97 Moreover, treatment with the c-met antibody DN-30 enhanced gefitinib induced cell inhibition in c-met expressing lung cancer cell lines. Thus, activation of alternative pathways leads to cell survival and tumor growth despite treatment with EGFR inhibitors leading to resistance.
Another important pathway that has been implicated in resistance to EGFR therapy is the PTEN-PI3K-AKT pathway. PTEN, phosphatase and tensin homolog (TEP1), a tumor suppressor protein/3-lipid phosphatase that can lead to decreased tumor growth by regulating Akt activity. Akt promotes cell survival by the inactivation of several targets, such as bad and caspases-9. 98 Thus, PTEN negatively regulates the PI3K-AKT pathway and loss of PTEN leads to decreased tumor growth. 99 Studies have shown that the loss of PTEN can lead to resistance to EGFR inhibitors such as erlotinib in EGFR mutant lung cancer. 100 Furthermore, it was shown that H157 lung cancer cells, that express low levels of PTEN, were resistant to gefitinib treatment and the sensitivity to gefitinib was restored after irradiation. 101 This radiation induced restoration of gefitinib sensitivity is due to a gradual increase of PTEN following radiation treatment. These studies demonstrate the role of PTEN in acquired resistance to EGFR inhibitors.
Increased VEGF expression can also lead to resistance to anti-EGFR drugs, independent of EGFR signaling. Human A341squamous cell carcinoma obtained from severe combined immunodeficiency (SCID) mice xenografts which had undergone treatment with EGFR monoclonal antibodies, mR3, hR3, or C225; and were resistant to these agents when grown in culture, demonstrated high expression of EGFR. 102 When analyzed for VEGF expression 5 of the 6 variants exhibited higher VEGF expression. Furthermore, overexpression of VEGF using an expression vector encoding the secreted form of VEGF (VEGF-164), in the A143 variants led to resistance to anti-EGFR antibodies in vivo. Similar results were shown by Ciardiello and colleagues 103 using human GEO colon cancer cell line in nude mice. Animals treated with EGFR inhibitors after initial regression showed re-growth of the tumor despite continued treatment. However, the treatment of mice with a VEGF flk1/KDR (VEGFR-2) tyrosine kinase inhibitor, ZD6474 led to tumor growth repression.
In conclusion, although EGFR-TKIs are effective in the treatment of lung cancer, resistance to these drugs depends on numerous factors accounted above. One way to overcome or minimize acquired resistance would be to incorporate combination therapies.
Resistance to another small molecule inhibitor reported is against the angiogenesis inhibitor bevacizumab. Angiogenesis is the growth of new blood vessels from preexisting blood vessels. As we know, tumor cells divide and proliferate faster than normal cells and hence they have an increased demand for blood supply, which occurs through angiogenesis. The tumors may secrete various proteins, such as VEGF that promotes the formation of new blood vessels. Since VEGF plays a major role in angiogenesis there has been extensive research and development on drugs that can inhibit angiogenesis by inhibiting VEGF. Often VEGF is secreted by the tumor which then binds to its receptor and leads to the activation of downstream signaling pathways that promote angiogenesis and thus tumor growth and metastasis. To date, three important receptors of VEGF (also known as VEGF-A) have been identified, namely VEGFR-1, VEGFR-2 and VEGFR-3, with VEGFR-2 being the most important in angiogenesis. 104 Typically the VEGFR has an extracellular portion consisting of 7 immunoglobulin like domains, a single transmembrane region and an intracellular part containing a split tyrosinekinase domain. The VEGF family, is structurally similar 
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to platelet derived growth factor and consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placenta growth factor (PlGF). VEGF can not only bind to its counterpart tyrosine kinase receptor known as the VEGF receptor (VEGFR) but can also bind to neuropilin-1(NP1) and neuropilin-2 (NP2), which are transmembrane glycoprotein receptors for another class of proteins known as semaphorins.
Bevacizumab, is a humanized monoclonal antibody that blocks VEGF-A, thereby preventing binding of VEGF-A to its receptor. However, some patients do not respond to bevacizumab therapy. Since bevacizumab blocks VEGF-A, NP1 and NP2 can still augment the effects of VEGFR-1 and VEGFR-2, thereby promoting angiogenesis and activating alternative pathways. Moreover, it has been reported that NP1 and NP2 are expressed in bronchial basal cells in normal lungs and often overexpressed in NSCLC as compared to neuroendocrine tumors. 105 There have been reports that expression of both NP1 and NP2 was increased in preinvasive lesions that transitioned from hyperplastic mucosa to moderate dysplasia. 106 Moreover, another study demonstrated that overexpression of neuropilin leads to activation of the MAPK pathway and is associated with resistance to chemotherapy. 107 Although there are some reports that bevacizumab resistance in breast cancer might be associated with neuropilin, at the present time we have little knowledge in lung cancer. 108 Thus it is possible that bevacizumab related overexpression of NP1 and NP2 leads to the activation of alternative survival pathways and thus resistance to bevacizumab in lung cancer. However, further investigation would reveal if there are other alternative pathways involved in bevacizumab resistance.
Other mechanisms that play a role in resistance to chemotherapy drugs
Many more complex pathways and molecules than the ones just discussed also contribute to drug resistance. For example, the tumor-suppressor protein p53 is an important regulator of the cell cycle and activator of various apoptotic pathways. Mutations in TP53, the gene encoding for p53, are found in more than 50% of cancer types. 109 Such mutations lead to multiple recurrences of tumors such as those in, breast cancer, brain tumors, acute leukemia, soft tissue and bone sarcomas. Numerous investigators have reported that inactivation or loss of p53 function can lead to resistance to drugs such as 5-fluorouracil and cisplatin. 110, 111 Moreover, most cancer patients with p53 mutations initially respond to chemotherapy but gradually develop resistance to the drugs as the result of a mutation in, or altered function of, certain p53-regulated target genes. 112 A second example is that patients with NSCLC whose cancer cells express the epidermal growth factor receptor (EGFR) may initially respond well to treatment with anilinoquinazoline EGFR inhibitors such as gefitinib, although they subsequently develop resistance to the drug because of mutations in the EGFR gene. 94 However, many patients with NSCLC who become resistant to EGFR-targeted drugs have a mutation in only a single building block of the EGFR protein.
Resistance to chemotherapy may also be associated with mutations or alterations in the target of chemotherapeutic drugs such as Paclitaxel. The results from a clinical study conducted in NSCLC patients showed that paclitaxel resistance may be due to a mutation in the β-tubulin gene. 113 Paclitaxel binds to the β-tubulin subunit of the microtubule, thereby stabilizing the microtubules. This paclitaxel/ microtubule complex prevents the microtubules from disassembly during normal cell cycle progression, leading to a cell cycle arrest. However, a mutation in the β-tubulin gene will lead to structural and/or conformational alteration of the tubulin protein, thereby leading to poor binding of paclitaxel and contributing to paclitaxel resistance. Patients who had β-tubulin mutations did not respond to paclitaxel therapy and had a median survival of 3 months as compared to median survival of 10 months in patients without such mutations. 113 In a more recent trial, Yabuki and colleagues demonstrated the role of the mdr1 gene in paclitaxel-dependent drug resistance. 10 Their results demonstrated that the paclitaxel resistant NSCLC cell line H460 created by gradual exposure to paclitaxel had a higher expression of not only the mdr1 gene but also of the protein, as compared to the parental cell line. Furthermore, these cell lines were also cross-resistant to other chemotherapy drugs such as docetaxel, vinblastine and doxorubicin.
Additionally, gene mutations in the β-tubulin gene have been shown to be a predictor of paclitaxel response in NSCLC. A study of 49 patients with NSCLC having mutations in either exon 1 or exon 4 of the β-tubulin gene, showed no objective response, whereas 13 of 33 patients with no mutations demonstrated complete or partial response to paclitaxel therapy. 113 Apart from mutations, studies have shown the possible involvement of other proteins, such as, annexin IV, a calcium dependent phospholipid binding protein in resistance to paclitaxel. Treatment of H460 lung cancer cell lines with 10nM paclitaxel for 4 days led to an increased expression of annexin IV. Overexpression of annexin IV was confirmed by both western blotting and immunostaining thereby demonstrating multiple causes for drug resistance to a particular drug. 
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More recently reports on resistance to proteasome inhibitor therapy are emerging. Proteasome inhibitors such as bortezomib (also known as PS-341) and lactacystin have been used as both chemotherapeutic agents and as agents for overcoming drug resistance. [115] [116] [117] [118] [119] [120] Proteasomes are large multi-subunit cytosolic complexes that are involved in the degradation of ubiquitin-tagged abnormal and misfolded proteins. The 26S proteasome is composed of two major subunits; the 20S core subunit and the 19S subunit which flanks the 20S subunit on both sides. The 20S subunit itself is made up of four heptameric α and β subunits, but the main proteolytic activity lies within the β1, β2, and β5 subunits, which cleave acidic, basic, and hydrophobic residues, respectively, owing to their chymotrypsin-like, trypsin-like, and post-glutamyl peptide hydrolyzing-like activities. However, the β5 subunit is most important one involved in the degradation of proteins. By inhibiting the β5 subunit, proteasome inhibitors are able to induce apoptosis preferentially in tumor cells. 121, 122 Bortezomib was the first proteasome inhibitor that was approved, originally for the treatment of patients with multiple myeloma. Since then it has been shown to act against numerous cancers such as: ovarian; 115 lung; 116 breast; colorectal; and prostate. 117, 119, 123 Despite the ability of bortezomib to effectively inhibit tumor growth and restore chemosensitivity to drug-resistant tumors, reports on resistance to bortezomib therapy are coming to light. For example it has been shown that either point mutations or overexpression of the β5 proteasomal subunit results in resistance to bortezomib therapy. 124, 125 Preliminary studies in our own laboratory demonstrated cisplatin-resistant lung and ovarian cancer cell lines have reduced proteasome activity and do not respond to proteasome inhibitors effectively when compared to their parental cell lines that are sensitive to cisplatin. Molecular analysis has shown the protein expression of the β5 proteasome subunit was greatly reduced in cisplatin-resistant cell lines as compared to their parental counterpart (unpublished data). Associated with reduced β5 protein expression was an increased pro-and anti-apoptotic protein expression in cisplatin-resistant cell lines. Overexpression of β5 in the cisplatin-resistant cell lines resulted in restoration of proteasome function and sensitization to cisplatin (unpublished data). Our results demonstrate a potential new mechanism for drug resistance where alterations in proteasome function can contribute to resistance to both chemotherapy and proteasome-targeted inhibitors such as bortezomib. We are currently conducting both pre-clinical and clinical investigations to confirm our preliminary findings.
Conclusion
Our knowledge about drug resistance has increased considerably over the last few decades, but we are still far from having a complete understanding of the underlying mechanisms. Because each tumor type is different at the histologic and molecular levels, it would be difficult to find one mechanism of drug resistance that is common to lung and other cancers. Moreover, each host-specific interaction and tumor microenvironment is unique, so each patient's disease responds differently to the same drugs -some patients may show a response to a particular drug, while others may show complete resistance to the same drug. Furthermore, the coexistence of multiple defects within a cancer cell makes it much more difficult to develop effective therapies. However, with the recent completion of the human genome project and the availability of newly advanced technologies, we anticipate that new mechanisms and targets that contribute to drug resistance will be identified, which in turn will lead to the development and testing of novel therapies.
Additionally, there is a need for the development of new tools to screen patients prior to beginning chemotherapy. More recently a tool known as lung metagene score was developed in an attempt to individualize treatment for lung cancer patients. The lung metagene score (formerly known as the lung metagene predictor) is a screening tool developed to estimate the risk of recurrence in early stage NSCLC. Using microarray analysis, the amount of RNA made from a particular gene is measured. The expression of RNA is recorded and is called the genomic profile of the tissue. It is then compared with other RNA in the database to predict the risk of recurrence. This technique is still under investigation and the data is not available as of yet. Clinical trials and testing, will give the opportunity to identify patients with low recurrence and avoid post-operative chemotherapy, since chemotherapeutic treatment has its own side effects. This will also allow initiation of early and aggressive chemotherapy in patients with a high risk of recurrence in early stage NSCLC. Moreover, such screening tools will also allow us to choose the most appropriate chemotherapy drug that will be most effective in the treatment of such patients, based on their genomic profiling. However, this technique too is still under development and needs extensive clinical trials before it can be used as standard tool in the management of patients with lung cancer.
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